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A bistatic synthetic aperture radar (SAR) 1imaging system and
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based on a maximum likelihood estimation (MLE); perform-
ing MLE motion correction to generate motion-corrected
radar return pulses; acquiring position and velocity estimates
of the airborne radar platforms and scattering locations;
defining bistatic range and velocity vectors; defiming new
bistatic range and velocity vectors 1n a new set of orthogonal
axes; projecting vector distance differences between the radar
scattering locations along the new set of orthogonal axes to
generate new range and velocity measurements along the new
set of orthogonal axes; converting the new range and velocity
measurements to map Doppler frequency into cross-range;
and forming a bistatic SAR 1mage 1n range and cross-range
based on cross-range extent derived from the Doppler ire-

quency mapping.
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BISTATIC INVERSE SYNTHETIC APERTURE
RADAR IMAGING

BACKGROUND

Airborne maritime surveillance platforms employ low
band radars that operate at UHF frequencies. Other low band
survelllance radars have been designed to use S-Band or

L-band. Typical platforms use radar with an approximately
50 MHz operational bandwidth. If a 50 MHZ radar platiorm
1s used, the nstantaneous pulse bandwidth 1s msuilicient to
achieve 1 m resolution in down-range. Generally, a resolution
of at least 1 m 1s required to carry out robust image exploita-
tion of mcoming targets. The required resolution can be
obtained 1n cross-range with a bistatic radar imaging system
that uses a precise oscillator to maintain coherence between
the transmitting and receiving platiorms.

There are other advantages to bistatic mverse synthetic
aperture radar (ISAR) imaging. Tracking of the target from
two (or more) platforms can be combined to arrive at a more
accurate kinematic profile (e.g., position, speed, heading) of
the target. There 1s reason to believe that bistatic sea clutter
may be less “spiky” than the equivalent monostatic sea clut-
ter, and hence that bistatic geometries are more favorable for
the detection of small targets. Also, multipath mitigation may
be more easily realizable with a bistatic imaging system due
to higher decorrelation of the multipath return 1n the radar
compared to the monostatic scenario. In addition, the spatial
diversity afforded by bistatic/multistatic systems allows for
different aspects of a target to be viewed simultaneously.
Also, 1t may be increasingly difficult to successtully focus
jamming on multiple recervers 1n a bistatic/multistatic system
compared to a single receiver.

However, unlike the typical scenario in SAR 1imaging, air-
borme ISAR 1maging 1s more complicated because both the
platform and the target are moving during the course of the
data collection dwell. Conventional ISAR 1maging tech-
niques often produce images with unwanted distortion.
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second airborne radar platiorms, wherein each radar return
pulse 1s generated 1n response to a corresponding transmis-
s1on pulse reflected from two or more radar scattering loca-
tions on a target. The method also includes combining each
radar return pulse with a sinusoid to reduce the radar return
pulses to a base band frequency. The method also includes
deskewing each reduced radar return pulse to remove effects
of 1ts corresponding radar transmission pulse. The method
also includes estimating motion parameters of the target
based on maximum likelithood estimation (MLE) applied to

the deskewed radar return pulses. The method also includes
performing MLE motion correction to the deskewed radar
return pulses based on the estimated motion parameters to
generate motion corrected radar return pulses. The method
also includes acquiring position and velocity estimates of the
two or more airborne radar platforms and the one or more
scattering locations on the target. The method also includes
defining bistatic range and velocity vectors based on the
position and velocity estimates of the first and second air-
borne radar platiforms, the one or more scattering locations on
the target, and the motion corrected radar return pulses. The
method also includes defining new bistatic range and velocity
vectors by redefining the bistatic range and velocity vectors in
a new set of orthogonal axes. The method also includes pro-
jecting vector distance differences between the target radar
scattering locations along the new set of orthogonal axes to
generate new range and velocity measurements along the new
set of orthogonal axes. The method also includes converting,
the new range and velocity measurements 1n order to map
Doppler frequency into cross-range, measured in physical
units of length. The method also includes forming a bistatic
SAR 1mage 1n range and cross-range based on cross-range
extent dertved from the Doppler frequency mapping.

In some embodiments, the bistatic range and velocity vec-
tors are defined according to:

. (ﬁZ(O) — ﬁs(o)) n (E;l (0) — ﬁs(o))

_}
F bistatic —

172(0) = PO

and

 (B,(0) = B.(0)) . (Ba(0) = B,(0)

13,(0) =B O

L i p,(0)=p.(0)
(P (0) = pg(0)) P20~ PO +

_} —
Pbistati c vel —

13,(0) = B.(0)]
(B1(0) = BL(0)) X

17, (0) = p, (O
(ﬁl (U) R E;s (U))

15,(0) - B.O)|I°
(ﬁl (0) — ﬁs(g))

SUMMARY

The technology described herein relates to forming bistatic
ISAR 1mages of airborne targets by mapping Doppler ire-
quency to cross-range, in physical length units. Tracking of
the target motion during data collection enables the ISAR
system to accurately motion compensate in the airborne
ISAR mmages. The implementations described herein for
mapping Doppler frequency to cross-range 1s robust under a
variety of tracking errors and deviations from a broadside
collection geometry.

One embodiment 1s a bistatic synthetic aperture radar
(SAR) mmaging method. The method includes receiving a
plurality of radar return pulses acquired by at least first and

BAGEFAG]
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(P (0) = P (0) ———
I3, - B0 13, (0) - B,

where f)} Lerar 18 the bistatic range vector and E}bimm_pez 1S
the bistatic velocity vector, and ft} ,(0) 1s a vector of an 1nitial

position of the first airborne radar platform, 5}2(0) 1S a vector
of an 1itial position of the second airborne radar platiorm,

5}1'(0) 1s a vector of an 1mitial velocity of the first airborne
radar platform, F;(O) 1s a vector of an 1nitial velocity of the
second airborne radar platform and 5}5 (0) 1s a vector of an

initial position of a scatterer on the target, and F‘S(O) 1S a
vector of an 1nitial velocity of the scatterer on the target.
In some embodiments, the new bistatic range and velocity

vectors are orthogonal parameters determined 1n accordance
with:
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executed cause the system to estimate motion parameters of

Pristatic: the target based on a maximum likelihood estimation (MLE)
and applied to the deskewed radar return pulses. The memory
. includes executable code representing instructions that when
> _ 3 * Poistatic " Pistaiic_vel) > executed cause the system to perform MLE motion correction
bistatic vel new — F bistatic_vel ., bistatic " .
1P irenic to the deskewed radar return pulses based on the estimated
motion parameters to generate motion corrected radar return
In some embodiments, the new range and velocity mea- pulses. The memory includes executable code representing
surements along the new set of orthogonal axes are deter- 19 instructions that when executed cause the system to acquire
mined in accordance with: position and velocity estimates of the two or more airborne
N radar platforms and the one or more scattering locations on
Arbisraﬁc:_ﬂp s P bistatic .
the target. The memory includes executable code represent-
. 5 1ng instructions that when executed cause the system to define
&vbfsraﬁc_nmv:&p s P bistatic _vel new 3 . . . .
bistatic range and velocity vectors based on the position and
where AFS 1s difference between a dominat scattering loca- velocity estimates of the first and second airborne radar plat-
tion on the target and a second scattering location on the forms, the one or more scattering locations on the target, and
target. | _ _ the motion corrected radar return pulses. The memory
In some embodiments, the method includes using the new 20 . L .
. includes executable code representing instructions that when
range and velocity measurements to define cross-range reso- od 0 o to def b q
lution AR _, s , 4.0 and cross-range extent AR, . 1n accor- CACLUICE CAllSE TAE SYSTEHL 10 GEHNE HEW DISIHL TGt 4l
dance with: velocity vectors by redefining the bistatic range and velocity
vectors 1n a new set of orthogonal axes. The memory includes
25 executable code representing instructions that when executed
AR ross range = : A 5 cause the system to project vector distance differences
[Pristatic_vet_newll *dwet between the target radar scattering locations along the new set
and of orthogonal axes to generate new range and velocity mea-
A p 1 A 3o surements along the new set of orthogonal axes. The memory
O B || IPP includes executable code representing instructions that when
executed cause the system to convert the new range and
. velocity measurements 1n order to map Doppler frequenc
where A 1s the wavelength at the center frequency of the radar . v . Hep PP ; Y
: - - into cross-range, measured 1n physical units of length. The
pulses, T ,,,.;; 1s dwell duration of the radar pulses, and IPP 1s 34 _ T _
the reciprocal of pulse repetition frequency (PRF) of the radar memory includes executable code representing instructions
pulses. that when executed cause the system to form a bistatic SAR
Another implementation 1s a bistatic synthetic aperture image 1n range and cross-range based on cross-range extent
radar (SAR) imaging system. The system ‘inclué.es one or derived from the Doppler frequency mapping.
more processor and a memory. The memory includes execut- 40 In some embodiments, the bistatic range and velocity vec-
able code representing instructions that when executed cause tors are defined according to:
— _ (ﬁZ(O) — ﬁs(o)) + (ﬁl (0) — ﬁs(o))

P bistatic ~—

172(0) = P (O]

[ (,(0) — PL(0))
_|_

17, (0) = PO

(P2(0) = ps(0)) (P,(0) = p,(0) . _

_}
Pbistati c vel —

15,(0) = B, O
(B, (0) — BL(0)) RRCAUEEAD)

(Br(0) = PL0)) ———=
.0 = O 15,(0) — 3.0

(P, (0) = p,(0)

the system to recetve a plurality of radar return pulses
acquired by at least first and second airborne radar platiorms,
wherein each radar return pulse 1s generated 1n response to a
corresponding transmission pulse reflected from two or more
radar scattering locations on a target. The memory includes
executable code representing instructions that when executed
cause the system to combine each radar return pulse with a
sinusoid to reduce the radar return pulses to a base band
frequency. The memory includes executable code represent-

ing instructions that when executed cause the system to

I (0) = p O]

55

60

deskew each reduced radar return pulse to remove effects of 45

its corresponding radar transmission pulse. The memory
includes executable code representing instructions that when

(B1(0) = BL(0))

15, (0) = B 17, 0) = Bl

where P ;... 18 the bistatic range vector and P ;000 ver 18
the bistatic velocity vector, and f’} ,(0) 1s a vector of an 1nitial

position of the first airborne radar platform, 5}2(0) 1S a vector
of an 1nitial position of the second airborne radar platiorm,

?1'(0) 1s a vector of an 1mitial velocity of the first airborne
radar platform, F;(O) 1s a vector of an 1nitial velocity of the
second airborne radar platform and FS(O) 1s a vector of an

initial position of a scatterer on the target, and F‘S(O) 1S a
vector of an 1nitial velocity of the scatterer on the target.
In some embodiments, the new bistatic range and velocity

vectors are orthogonal parameters determined in accordance
with:
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Phistatic®
and
— —
= (Pbisraric ' Pbisraric_vfi) —
pbfﬂm‘fﬂ_vff_ﬂfw - Pbisrarit:_vf.! — ., 2 Phistatic

” Pbisraric ”

In some embodiments, the new range and velocity mea-
surements along the new set of orthogonal axes are deter-
mined 1n accordance with:

— —
&rbisraﬁc:_&p s P bistatic

— —

&vbzsrﬂrnc Hw_&p p bistatic vel new E

where Ap _1s difference between a dominant scattering loca-
tion on the target and a second scattering location on the
target.

In some embodiments, the memory 1ncludes executable
code representing instructions that when executed cause the
system to use the new range and velocity measurements to
define cross-range resolution AR and cross-range

CFOSS _Farge

extent AR__._ _1n accordance with:
AR 1 A
cross_range — —_, )
| | Pbistati -::_ve.!_newl | wa"f“
and
1 A
AR pxient = .
 IPP

” P bistati c_ve.!_newl

where A 1s the wavelength at the center frequency of the radar
pulses, T , _,,1s dwell duration of the radar pulses, and IPP 1s
F)oftheradar

the reciprocal of pulse repetition frequency (PRI
pulses.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of various embodiments of the
invention will be more readily understood by reference to the
tollowing detailed descriptions 1n the accompanying draw-
ngs.

FIG. 1 1s a schematic illustration of a bistatic 1maging,
geometry environment of two platforms imaging a target,
according to an 1llustrative embodiment.

FIG. 2 1s a flowchart of a bistatic synthetic aperture radar
(SAR) imaging method for processing radar pulses acquired
with a radar, according to an 1llustrative embodiment.

FIG. 3 1s a schematic 1illustration of a bistatic synthetic
aperture radar (SAR) imaging system, according to an 1llus-
trative embodiment.

FI1G. 4 1s a tflowchart of a bistatic synthetic aperture radar
(SAR) imaging method, according to an 1llustrative embodi-
ment.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

L1

The bistatic/multistatic ISAR methods and systems
described herein (heremnatfter “technology™) can provide one
or more of the following advantages. One advantage of the
technology 1s that accurate ISAR 1mages can be generated
because the method for mapping Doppler frequency to cross-
range 1s robust under a variety of tracking errors and devia-
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6

tions from a broadside collection geometry. Another advan-
tage 1s that exploitation of the details 1n an ISAR 1mage 1s
improved because the technology permits the system to accu-
rately estimate cross-range.

FIG. 1 1s a schematic illustration of a bistatic 1maging,
geometry environment 100 of two airborne radar platiorms
104a and 1045 1maging a target 108, according to an illustra-
tive embodiment. In this embodiment, the target 108 has two
distinct target scatterers 112aq and 1125. Two scatterers are
not necessary for the final formation of an ISAR 1mage. In
some embodiments, there 1s a single scatterer or three or more
scatterers. FIG. 1 illustrates the position vectors associated
with the platforms 104a and 1045, and the target 108 1n the
environment 100. The description of the vectors 1s provided
in Table 1.

TABLE 1
Postion Vectors
Variable Definition
7, Pﬂs?t%-:nn of %mag%mg platform 1
75 Position of imaging platform 2
T Position of a target scatterer
Fs: i E Position of dominant MLLE scatterer
—

p, 1s a vector of the position of the first airborne radar plat-

form 104q relative to a common reference point 116. 5}2 1S a
vector of the position of the second airborne radar platform

1045 relative to the common reference point 116. FS! , 1s a
vector of the position of the first target scatterer 112a of the

target 108 relative to the common reference point 116. FS MILE
1s a vector of the position of the second target scatterer 1125
of the target 108 relative to the common reference point 116.
In this embodiment, the second target scatterer 1125 1s the
dominant scatterer of the target, denoted by MLE.

FIG. 2 1s a flowchart 200 of a bistatic Synthetlc aperture
radar (SAR) imaging method for processing radar pulses
acquired with a pulse doppler radar 204 applied to the envi-
ronment 100 of FIG. 1. In one exemplary embodiment, the
pulse doppler radar 204 transmits a signal 202 and receives a
return signal 203 reflected from a target (e.g., the target 108 of
FIG. 1). The phase of the return signal 1s correlated with the
phase of amodel signal and due to doppler shifts 1n the return
signal 203, an SAR 1mage i1s generated. Radar targets are
frequently modeled/imaged by the superposition of a plural-
ity of point scatterers. In this embodiment, the target 108 has
two point scatterers 112a and 11254.

The return signal 203 1s passed through a low noise ampli-
fier (LNA) (step 208) and then downconverted to reduce the
radar return 203 pulses to a baseband frequency. The radar
return pulses 203 are downconverted by combining each
radar return 203 pulse with a sinusoid (e”*“RF?) (step 210).
The downconverted radar return pulses are then provided to
an A/D converter to convert the pulses to a digital signal for
subsequent processing.

The baseband signal (output of A/D 212) 1s then passed
through a matched filter (step 216) and then range deskewed
(step 220) to remove the effects of 1ts corresponding radar
transmission pulse. A Fourier transform 1s applied at the
application of the matched filter. Then, spectral equalization
1s achieved by factoring out the magnitude square of the
Fourier transform of the transmitted pulse to perform the

range deskewing (step 220) of the signal.
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The radar return output of the range deskew step (step 220)
1s passed to a maximum likelihood estimate (MLE) block 224
for extraction of the target 108 motion parameters. The
residual line-of-sight motion parameters of the target are
estimated up to the cubic term using an MLE algorithm that
operates on the most prominent target scatterer. The MLE
estimate (step 224) determines the range signal, velocity sig-

nal, and acceleration signal for the dominant scatterer (scat-
terer 1126 1n FIG. 1) 1n the field of view of the radar antenna

204. In

this embodiment, the assumption 1s made that the

incoming target 108 1s tlying level and 1s not maneuvering.

The M.

LE motion correction 1s then applied to produce a

focusec

| 1mage (step 228). The correction 1s applied as fol-

lows:
Y1) =Wk, m)exp(=jdy, ,(7:9,0)),

where W 1s the uncorrected signal, ¢, ,, 1s the correction
phase, and r, v, a are the correction parameters (location,

[ 1

velocity, acceleration, respectively) determined by the MLE
algorithm.

After the focused image 1s produced (step 228) with
respect to the MLE point (1.e., dominant target scatterer), the
phasor of the second principal scatterer 1s given by:

Yk, n) = ZE—E;;(J‘"RFH& FUAr+AIPP) EON. 1

10
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where Ar 1s the range difference between the two scatterers,
Av 1s the velocity difference between the two scatterers, ¢ 1s
the speed of light, 1~ 1s the wavetform center frequency, Al 1s
the fast-time frequency step, k and n are respectively the
fast-time and slow-time indices, z 1s the complex envelope of
the scatterer, and IPP 1s the inter-pulse period. The range
difference Ar 1s written as:

Ar =

_ (ﬁZ(OJ _ﬁs(gj) A—} B (ﬁl (D) _ﬁs(D)) &—r
17,(0) = p, (O]

~AP. -

a)

17, (0) = P (O

_ @52 (D) _ ﬁs(D)) + (ﬁl (D) _ ﬁs(D)) _

17,(0) = B(O)]

[FROEFRO!

EQN. 2

where f; ,(0), 5}2 (0), AFS are the vectors defined 1n Table 1 1n
the middle of the data collection dwell. The position and
velocity vector estimates are acquired for the airborne radar
platforms and the scattering locations on the target (step 232),

—>

where: Ap =(p. rre—DP s1)- The estimates can be acquired
with a tracker. The target tracking 1s carried out with methods

and technologies common 1n the field, as described 1n Samuel
S. Blackman’s book “Multiple-Target Tracking with Radar

Applications”, Artech House, 1986, Dedham, Mass.”, the
entire contents of which 1s hereby incorporated by reference.

The velocity difference Av 1s given by:

EQN. 3

AP, - (P(0) — Po(0)) .

(E;;Z (0) — ﬁs (G))

172(0) = PO

= (B2(0) = BL(0)

1P, (0) = p (Ol

&

Av = i
AD_- (B, (0) = B0 7.(0) =50 , L, BO=B.0)
P:(Pl( )4, ps(O) (f'l( ) fs( ))2 B0 -F.O) (il( ) is( ) AR
1P, (0) = p(O)] [EROEF-AOI] 1p1(0) = p(O)] _
which can be written as:
| (P2(0) - B.(0 O RSZX(0)) BRI (- N (1) B A (1) I EQN. 4
(iz( ) is( ) | (f’z( ) fs( ))2 B0 = PO (iz( ) is( ) .
| @) = p O 115,00 = P (O] 1P, (0) = p (Ol
Ay =Ap._- f J_
7. (0)=p.(0 p () -p. (0 ' o p () —p (0
(il( ) is( ), (fl( ) fs( ))2 B0 =F0) (El( ) i( )
Al (@) = p O I, (0) = p (O] 1P (0) = p (O
The second term of EQN. 4 1s defined as Fbimﬂc_veh such
that Av then becomes
50 &v:‘&?s.gfﬁsmﬁc_vef' EQN 5
Now, the tracker measurements (step 232) of range and
velocity for the target and the two 1maging platforms 1s used
to define the bistatic range and bistatic velocity, and AE}S 1S
defined from 1ts projections nto two linearly independent
vectors (step 236 of FIG. 2) i accordance with:
s _BO-FO) B0 -0 EQN. 6
TR0 - BUON 1B, ©0) = B
and
(B0 =F,0)  (Fo(0) = B,(0) PO -F,0) EQN. 7

(PH(0) = BL(0))

172(0) = ps(O)I]

_}
pbismriﬂ_vf! -

15,(0) - B,O)I°

17,(0) = p, (O]
(E‘;l (O) — ﬁs(o))

i ”ﬁl (0) _ ﬁs(g)”

(B, (0) = B.(0)) . BO-F0)
15, (0) - B,O)I°

(P1(0) = BL0))

P, (0) = p, Ol
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where p,,_ . _is the bistatic range vector and p bistatic vel 1S
the bistatic velocity vector, and f’} ,(0) 1s a vector of an 1nitial

position of the first airrborne radar platform, 5}2 (0) 1s a vector
of an mitial position of the second airborne radar platiorm,

Fl'(O) 1s a vector of an 1mtial velocity of the first airborne
radar platform, F;(O) 1s a vector of an 1nitial velocity of the

second airborne radar platform and A?S 1s difference between
a dominant scattering location on the target and a second
scattering location on the target.

The following two equations define the distance |[Ap || of
the MLE point from the other principal scatterer along the

plane defined by the vectors p ... and p bistatic vel

AFPDIStatic=—A D " D b;cruere EQN. 8,
and
&vbisran'c:&p s P bistatic_vel EQN 9

The distance of the MLE point from the other principal
scatterers 1s approximated from 2 linearly independent vec-

tors. However, the ISAR map of the target may be distorted by

the non-orthogonality of the besmm and fy} icraric ve; VECIOTS
(this is the case when the data collection geometry is not pure
broadside, or 90° squint angle). It 1s more approprate to
redefine an orthogonal set of axes (step 240) defined by

—> —> . . . .

D pistatic ANA D pisraric ver news WhiCh 1nvolves a projection of
the vector distance difference between the target scatterers
along the new set of orthogonal axes 1n accordance with.

EQN. 10

— —
(P bistatic - Pbistati t:_'u‘f.!) —
Phistatic*

— —
Pbisz‘m‘ic_ve!_new - Pbismriﬂ_vf! —

- 2
”Pbim‘m‘iﬂ ”

The new range and velocity measurements are defined in
accordance with:

&Pbismfﬁc:_ﬁgspbisraﬁc EQN 11

—r —>

&vﬁ?israﬁc_nmv:&p s L bistatic_vel new’ EQN 12

The above redefinition 1s performed to avoid target distortions
at non-broadside geometries. From EQN. 12, we now have:

— —

A EQN. 13
ﬁvbfﬂﬂﬁﬂ_f’fﬂ = = Aps ' Pbismric_ve!_nfw = Td p
We

where A 1s the wavelength at the center frequency of the radar
pulses, T , _,,1s dwell duration of the radar pulses, and IPP 1s
the reciprocal of pulse repetition frequency (PRF) of the radar
pulses.

The cross-range extent of the image 1s estimated and the
Doppler frequency axis 1s mapped to cross-range 1 accor-
dance with (step 248):

| A EQN. 14
AR cross_range — —_, )
| | Pbistati -::_ve.!_newl | Tde“
and
| A EQN. 15
AR extent — Q

| IPP’

R
” Phistari f:_wf.!_nfwl
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The final step 1s to form a bistatic ISAR 1mage 1n range and
cross-range (step 252). The image 1s formed by taking a
2-dimensional Fast Fourier Transform of the complex time
series given by EQN. 2. The Doppler extent in the image 1s
converted to cross-range extent by applying the scaling factor
grven 1n EQN. 14, where A/T , _,; 1s the Doppler frequency

and 1/||p ,....... ... | is the scaling factor that converts the
Doppler frequency to cross-range.

FIG. 3 1s a schematic illustration of a bistatic synthetic
aperture radar (SAR) imaging system 300, according to an
illustrative embodiment. The system 300 a SAR radar 302

(e.g., radar 202 of FI1G. 2) which includes aradar antenna 304,
a transmitter 308, and a receiver 312. The system 300 also
includes a controller 340. The controller 340 includes a com-
munication module 316, one or more mput devices 320, one
or more output devices 328, one or more display devices 324,
one or more processors 332, and memory 336. The modules
and devices described herein can, for example, utilize the
processor 332 to execute computer executable instructions
and/or the modules and devices described herein can, for
example, include theirr own processor to execute computer
executable instructions. It should be understood the controller
340 can include, for example, other modules, devices, and/or
processors known 1n the art and/or vaneties of the described
modules, devices, and/or processors.

The communication module 316 includes circuitry and
code corresponding to computer 1nstructions that enable the
computing device to send/recerve signals to/from the antenna
304. For example, the communication module 316 provides
commands from the processor 332 to the transmitter 308 to
control how the antenna 304 transmits radar pulses during
operation. The communication module 316 also, for example,
receives data corresponding to the radar return pulses
received by the recerver 312. The recerved data can be, for
example, stored by the memory 336 or otherwise processed
by the processor 332.

The mput devices 320 receive information from a user (not
shown) and/or another computing system (not shown). The
iput devices 320 can include, for example, a keyboard, a
scanner, a microphone, a stylus, a touch sensitive pad or
display. The output devices 328 output information associ-
ated with the control module 120 (e.g., information to a
printer, information to a speaker). The display devices 324
display operating information and performance information
(e.g., graphical representations of information) regarding the
SAR 1maging methods. The processor 332 executes the oper-
ating system and/or any other computer executable instruc-
tions for the controller 340 (e.g., executes applications). The
memory 336 stores a variety of information/data, including
profiles used by the controller 340 to specily how the system
300 generates bistatic SAR 1mages. The memory 336 can
include, for example, long-term storage, such as a hard drive,
a tape storage device, or flash memory; short-term storage,
such as a random access memory, or a graphics memory;
and/or any other type of computer readable storage.

FIG. 4 1s a flowchart 400 of a bistatic synthetic aperture
radar (SAR) imaging method, according to an illustrative
embodiment. The method includes transmitting a plurality of
radar pulses towards a target (step 404). The method also
includes recerving a plurality of radar return pulses acquired
by at least first and second airborne radar platiorms, wherein
cach radar return pulse 1s generated 1n response to a corre-
sponding transmission pulse reflected from two or more radar
scattering locations on a target (step 408). The method then
includes combining each radar return pulse with a sinusoid to
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reduce the radar return pulses to a base band frequency (step
412), similarly as described above with respect to step 210 of
FIG. 2.

The method then includes deskewing each reduced radar
return pulse to remove effects of its corresponding radar
transmission pulse (step 416). The method then includes esti-
mating motion parameters of the target based on a maximum
likelihood estimation (MLE) applied to the deskewed radar
return pulses (step 420).

The method then includes performing MLE motion cor-
rection to the deskewed radar return pulses based on the
estimated motion parameters to generate motion corrected
radar return pulses (step 424). The method then includes
acquiring position and velocity estimates of the two or more
airborne radar platforms and the one or more scattering loca-
tions on the target (step 428). Step 428 can be performed by a
tracker, as described above with respect to, for example step
232 of FIG. 2. The method then includes defining bistatic
range and velocity vectors based on the position and velocity
estimates of the first and second airborne radar platforms, the
one or more scattering locations on the target, and the motion
corrected radar return pulses (step 432).

The method then includes defining new bistatic range and
velocity vectors by redefining the bistatic range and velocity
vectors in anew set of orthogonal axes (step 436). The method
then includes projecting vector distance differences between
the target radar scattering locations along the new set of
orthogonal axes to generate new range and velocity measure-
ments along the new set of orthogonal axes (step 440).

The method then includes converting the new range and
velocity measurements 1n order to map Doppler frequency
into cross-range, measured in physical units of length (step
444). The method then includes forming a bistatic SAR image
in range and cross-range based on cross-range extent dertved
trom the Doppler frequency mapping (step 448). The method
then includes outputting the data associated with the bistatic
SAR 1mage (step 452). The output data can be stored in
computer memory or processed further by, for example, a
tracking system used to track the target.

The above-described systems and methods can be 1imple-
mented 1n digital electronic circuitry, in computer hardware,
firmware, and/or software. The implementation can be as a
computer program product that 1s tangibly embodied 1n non-
transitory memory device. The implementation can, for
example, be in a machine-readable storage device and/or1n a
propagated signal, for execution by, or to control the opera-
tion of, data processing apparatus. The implementation can,
for example, be a programmable processor, a computer, and/
or multiple computers.

A computer program can be written 1n any form of pro-
gramming language, including compiled and/or interpreted
languages, and the computer program can be deployed in any
form, including as a stand-alone program or as a subroutine,
clement, and/or other unit suitable for use 1 a computing
environment. A computer program can be deployed to be
executed on one computer or on multiple computers at one
site.

Method steps can be performed by one or more program-
mable processors, or one or more servers that include one or
more processors, that execute a computer program to perform
tfunctions of the disclosure by operating on input data and
generating output. Method steps can also be performed by,
and an apparatus can be implemented as, special purpose
logic circuitry. The circuitry can, for example, be a FPGA
(field programmable gate array) and/or an ASIC (application-
specific itegrated circuit). Modules, subroutines, and soft-
ware agents can refer to portions of the computer program,
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the processor, the special circuitry, software, and/or hardware
that implement that functionality.

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor receives
instructions and data from a read-only memory or a random
access memory or both. The essential elements of a computer
are a processor for executing instructions and one or more
memory devices for storing instructions and data. Generally,
a computer can be operatively coupled to recerve data from
and/or transfer data to one or more mass storage devices for
storing data. Magnetic disks, magneto-optical disks, or opti-
cal disks are examples of such storage devices.

Data transmission and instructions can occur over a com-
munications network. Information carriers suitable for
embodying computer program instructions and data include
all forms of non-volatile memory, including by way of
example semiconductor memory devices. The information
carriers can, for example, be EPROM, EEPROM, flash
memory devices, magnetic disks, internal hard disks, remov-
able disks, magneto-optical disks, CD-ROM, and/or DVD-
ROM disks. The processor and the memory can be supple-
mented by, and/or mmcorporated in special purpose logic
circuitry.

Comprise, include, and/or plural forms of each are open
ended and include the listed parts and can include additional
parts that are not listed. And/or 1s open ended and 1ncludes
one or more of the listed parts and combinations of the listed
parts.

One skilled 1n the art will realize the invention may be
embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing
embodiments are therefore to be considered 1n all respects
illustrative rather than limiting of the invention described
herein. Scope of the invention 1s thus indicated by the
appended claims, rather than by the foregoing description,
and all changes that come within the meaning and range of
equivalency of the claims are therefore intended to be
embraced therein.

The mvention claimed 1s:
1. A bistatic synthetic aperture radar (SAR) 1maging
method, the method comprising:

recerving a plurality of radar return pulses acquired by at
least first and second airborne radar platforms, wherein
cach radar return pulse 1s generated in response to a
corresponding transmission pulse reflected from two or
more radar scattering locations on a target;

combining each radar return pulse with a sinusoid to
reduce the radar return pulses to a base band frequency;

deskewing each reduced radar return pulse to remove
effects of 1ts corresponding radar transmission pulse;

estimating motion parameters of the target based on a
maximum likelithood estimation (MLE) applied to the
deskewed radar return pulses;

performing MLE motion correction to the deskewed radar
return pulses based on the estimated motion parameters
to generate motion corrected radar return pulses;

acquiring position and velocity estimates of the two or
more airborne radar platforms and the one or more scat-
tering locations on the target;

defining bistatic range and velocity vectors based on the
position and velocity estimates of the first and second
airborne radar platforms, the one or more scattering
locations on the target, and the motion corrected radar
return pulses;
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defining new bistatic range and velocity vectors by rede-
fining the bistatic range and velocity vectors 1n a new set
of orthogonal axes;

projecting vector distance differences between the target
radar scattering locations along the new set of orthogo-
nal axes to generate new range and velocity measure-
ments along the new set of orthogonal axes;

converting the new range and velocity measurements in
order to map Doppler frequency into cross-range, mea-
sured 1n physical units of length; and

forming a bistatic SAR 1mage 1n range and cross-range
based on cross-range extent dertved from the Doppler
frequency mapping;

wherein the steps in the method are carried out by a pro-
CESSOT.

2. The method of claim 1, wherein the bistatic range and

velocity vectors are defined according to:

(ﬁz (0) R ﬁs(o)) + (ﬁl (0) R ﬁs(o))

_}
Pbismric —

- (B,(0) = B.(0)) . (P20 - B,(0)

10

15

(ﬁZ(O) _ﬁs(o)) _
_I_

— — (P5(0) = B.(0))
13,0 = Bl 13,0 - B0l

_} —
P bistatic_vel —

(ﬁl (0) R ﬁs (0))

(B (0) = .(0) CACEAQ)

— (P1(0) = BL(0))
RO =BOI 18,0 -B.OF

where p., . ........ 15 the bistatic range vector and

D pistaric ver 15 the bistatic velocity vector, and p ,(0)1s a
vector of an 1mitial position of the first airborne radar

platiorm, 5}2(0) 1s a vector of an 1nitial position of the
second airborne radar platform, Fl'(O) 1s a vector of an

initial velocity of the first airborne radar platform, FZ'(O)
1s a vector of an 1itial velocity of the second airborne

[l

radar platform and AE}S 1s difference between a domi-
nant scattering location on the target and a second scat-
tering location on the target.
3. The method of claim 2, wherein the new bistatic range
and velocity vectors are orthogonal parameters determined 1n
accordance with:

_
P bistatic®
and
— —
_, = (P bistatic P bistatic_vel ) _
Phistati c_vel new — Pbistati c vel 2 Phistatic

_
”Pbi:mric ”

4. The method of claim 3, wherein the new range and
velocity measurements along the new set of orthogonal axes
are determined 1n accordance with:

— —
&rﬁ?israﬁc__&p s.p bistatic

—r —»

Avbfsraﬁc_nmv :ﬂp 5 p bistatic vel new-

5. The method of claim 4, comprising using the new range
and velocity measurements to define cross-range resolution
AR and cross-range extent AR in accordance

CFOSS Farnge

with:

extert

17, (0) = p, (O
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1 A

&Rﬂf’ﬂﬂ.ﬂ_?‘ﬂﬂgf —

| Tawett

—
| | Phistati c_vel new
and

1 A
| IPP’

AR extent —

_,
| Pbistati ﬂ_veﬂ_nfwl

where A 1s the wavelength at the center frequency of the
radar pulses, T . _;;1s dwell duration of the radar pulses,
and IPP 1s the reciprocal of pulse repetition frequency
(PRF) of the radar pulses.

6. A bistatic synthetic aperture radar (SAR) imaging sys-

tem, the system comprising:

one or more processor; and

a memory, the memory including executable code repre-
senting instructions that when executed cause the sys-

fem to:

receive a plurality of radar return pulses acquired by at
least first and second airborne radar platforms,
wherein each radar return pulse 1s generated 1n
response to a corresponding transmission pulse
reflected from two or more radar scattering locations
on a target;

combine each radar return pulse with a sinusoid to
reduce the radar return pulses to a base band fre-
quency;

deskew each reduced radar return pulse to remove
elfects of 1ts corresponding radar transmission pulse;

estimate motion parameters of the target based on a
maximum likelithood estimation (MLE) applied to the
deskewed radar return pulses;

perform MLE motion correction to the deskewed radar
return pulses based on the estimated motion param-
eters to generate motion corrected radar return pulses;

acquire position and velocity estimates of the two or
more airborne radar platforms and the one or more
scattering locations on the target;

define bistatic range and velocity vectors based on the
position and velocity estimates of the first and second
airborne radar platforms, the one or more scattering,
locations on the target, and the motion corrected radar
return pulses;

define new bistatic range and velocity vectors by rede-
fining the bistatic range and velocity vectors 1n a new
set of orthogonal axes;

project vector distance differences between the target
radar scattering locations along the new set of
orthogonal axes to generate new range and velocity
measurements along the new set of orthogonal axes;

convert the new range and velocity measurements 1n
order to map Doppler frequency into cross-range,
measured 1 physical units of length; and

form a bistatic SAR 1mage in range and cross-range
based on cross-range extent derived from the Doppler
frequency mapping.
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7. The system of claim 6, wherein the bistatic range and
velocity vectors are defined according to:

S BO-FO) | GO -FO)
PRI B0 = PO 1B, (0) = B.O)]

| (5,(0) = P.(0)) (P20 = B,(0)

(ﬁZ (0) _ ﬁs(o)) + _

— - (P(0) = PL(0))
15,0 = BN 1B, =B

(B1(0) = B.(0)) . (PO -F,0)

_}
Phistari c vel —

17,(0) = B, (O]
(ﬁl (D) _ ﬁs(D))

— — (P, (0) = B.(0))
RO =BOI 15,0 -B.00

where F Lierare 18 the bistatic range vector and E} bistatic vei1S
the bistatic velocity vector, and E} ,(0) 15 a vector of an

initial position of the first airborne radar platiorm, 5}2(0)
1s a vector of an 1nitial position of the second airborne

radar platform, Fl'(O) 1s a vector of an 1nitial velocity of

the first airborne radar platform, 5}2'(0) 1s a vector of an
initial velocity of the second airborne radar platform and

AFS 1s difference between a dominant scattering loca-
tion on the target and a second scattering location on the
target.

8. The system of claim 7, wherein the new bistatic range

and velocity vectors are orthogonal parameters determined 1n
accordance with:

_}
Pbistatic
and
— —
— = (pbismriﬂ ' pbismric_wf!) —
Phistati c_vel new — Pbistati c vel _, A Phistatic
”pbismriﬂ ”
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9. The system of claim 8, wherein the new range and
velocity measurements along the new set of orthogonal axes
are determined 1n accordance with:

— —»
‘é“rbismﬁc:_&p s P bistatic

—

L
&vbisraric_nmv—&p 2P bistatic vel new-

10. The system of claim 9, wherein the memory 1includes
executable code representing instructions that when executed
cause the system to use the new range and velocity measure-
ments to define cross-range resolution AR and

4 . CFOSS FAdFHge
cross-range extent AR in accordance with:

externt

1 A

AR CFOSS_Fange —

| Tawett”

_:'.
| | Pbistati c_vel new
and

| A

&formr — .
| IPP

R
” P bistatic_vel new

where A 1s the wavelength at the center frequency of the
radar pulses, T , _;;1s dwell duration of the radar pulses,
and IPP 1s the reciprocal of pulse repetition frequency

(PRF) of the radar pulses.

G o e = x
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